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Surface concentrationAbstract In this paper, effects of parabolic motion, heat generation/absorption and thermo-
diffusion on unsteady free convective MHD flow of radiating and chemically reactive second grade
fluid near an infinite vertical plate through porous medium have been considered. It is assumed that
the bounding plate has a ramped temperature with ramped surface concentration and isothermal
temperature with ramped surface concentration. For finding the exact solution, we applied Laplace
transform technique on the governing nondimensionalized equations. Analytic expression of Skin
friction, Nusselt number and Sherwood number is derived and represented through tabular form.
The effects of Magnetic parameterM, second grade fluid a, Heat generation/absorption H, thermal
radiation parameter R, chemical reaction Kr and thermo-diffusion Sr on velocity, temperature and
concentration profiles are discussed through several figures. We found that velocity, temperature
and concentration profiles in case of ramped temperature with ramped surface concentrations
are less than those of isothermal temperature with ramped surface concentrations. It is also seen
that Magnetic field M, second grade fluid a and chemical reaction Kr have retarding effects on
velocity profile, whereas thermo-diffusion parameter Sr and thermal radiation parameter R have
reverse effects on it.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Due to increasing significance, application of Non-Newtonian
fluid is required in engineering. It is due to their numerousapplications in several areas, such as the plastic manufacture,
performance of lubricants, food processing, or movement of
biological fluids. Second grade fluids can model many fluids
such as dilute polymer solutions, slurry flows, and industrial
oils, and many flow problems with various geometries and dif-
ferent mechanical and thermal boundary conditions have been
studied. Tan and Masuoka [1] examined the Stokes’ first prob-
lem for a second grade fluid and Rashidi et al. [2] deal with
unsteady squeezing flow of a second-grade fluid, whereasped wall
Nomenclature
u0 fluid velocity in x0 direction
t0 time
T0 fluid temperature
B0 uniform magnetic field
k01 permeability of porous medium
C0 concentration
k thermal conductivity of the fluid
Cp specific heat at constant pressure
q0r radiative heat flux
Q0 heat absorption/generation coefficient
DM mass diffusion coefficient
DT thermal diffusion coefficient
k02 chemical reaction coefficient
u dimensionless fluid velocity in x direction
t dimensionless time
k1 permeability parameter
M magnetic parameter
Gr thermal Grashof number
Gm mass Grashof number
h dimensionless fluid temperature
C dimensionless concentration
R thermal radiation parameter
Pr Prandtl number
H heat generation/absorption parameter
Sc Schmidt number
Sr Soret number
Kr Chemical reaction parameter
Greek symbols
m kinematic viscosity coefficient
a1 one of the material modules of second grade fluids
b0T volumetric coefficient of thermal expansion
b0c volumetric coefficient of concentration expansion
a second grade parameter
q fluid density
g acceleration due to gravity
r electrical conductivity
£ porosity of the porous medium
2 H.R. Kataria, H.R. PatelHayat et al. [3] deal with unsteady stagnation point flow of sec-
ond grade fluid with variable free stream.
MHD is a branch of fluid dynamics which studies the
movement of an electrically conducting fluid in a magnetic
field. Research works in the magneto hydrodynamics have
been advanced significantly during the last few decades after
the pioneer work of Hartmann [4] in liquid metal duct flows
under external magnetic field. There are many applications
for the parabolic motion such as solar cookers, solar concen-
trators and parabolic through solar collector. A parabolic con-
centrator type solar cooker has a wide range of applications
such as baking, roasting and distillation. Solar concentrators
have their applications in increasing the rate of evaporation
of waste water, in food processing, for making drinking water
from brackish and seawater. Murty et al. [5] deal with evalua-
tion of thermal performance of heat exchanger unit for para-
bolic solar cooker and Raja et al. [6] deal with design and
manufacturing of parabolic through solar collector system.
Muthucumaraswamy and Geetha [7] discuss effects of para-
bolic motion on an isothermal vertical plate with constant
mass flux. Akbar et al. [8] consider MHD stagnation point
flow of Carreau fluid toward a permeable shrinking sheet.
Sheikholeslami et al. [9–11] investigate Magnetic field effect
on nanofluid flow, whereas Sheikholeslami and Ellahi [12] deal
with three dimensional mesoscopic simulation of magnetic
field effect on nanofluid. Sheikholeslami et al. [13] define the
solution of forced convection heat transfer with variable mag-
netic field, and Sheikholeslami and Chamkha [14] study free
convection heat transfer of a nanofluid in a semi-annulus
enclosure with a sinusoidal wall, whereas specifically ferro-
nanofluid is also discussed by Sheikholeslami et al. [15,16].
Kataria et al. [17] obtained the solution of effect of magnetic
field on micropolar fluid between two vertical walls.
The radiations due to heat transfer effects on different flows
are very important in space technology and high temperature
processes. Thermal radiation parameter effects may play an
important role in controlling heat transfer in polymer process-Please cite this article in press as: H.R. Kataria, H.R. Patel, Eﬀect of thermo-diﬀus
temperature and ramped surface concentration, Alexandria Eng. J. (2016), http://ding industry. Many researchers like, Sheikholeslami et al.
[18–19], and Kataria and Mittal [20] have discussed about
effect of thermal radiation parameter on nanofluid flow. The
basic law governing the flow of fluids through porous media
is Darcy’s Law. Importance of porous medium in MHD flow
is presented by Nadeem et al. [21] and Kataria and Mittal [22].
On the other hand the research studies related to heat generat-
ing or heat absorbing fluid flow are of considerable importance
in several physical problems viz. Abbasi et al. [23] deal with
mixed convection flow of Maxwell nanofluid with heat gener-
ation, whereas Shehzad et al. [24] study three dimensional
MHD Casson fluid flow with heat generation through porous
medium and Fetecau et al. [25] deal with slip effects on radia-
tive MHD flow over a moving plate with heat source. Some of
the numerous important applications of heat and mass transfer
flow with chemical reaction can be found in catalytic chemical
reactors, food processing, polymer production, manufacture of
ceramics and glassware, smelting, undergoing exothermic or
endothermic chemical reaction. Kataria and Patel [26] deal
with radiation and chemical reaction effect on MHD Casson
fluid flow through porous medium. Such effects are significant
when density differences exist in the flow regime. For example
when species are introduced at a surface in fluid domain, with
different (lower) densities than the surrounding fluid, Soret
effects can be significant. The thermal diffusion (Soret) effect,
for instance, has been utilized for isotope separation, and in
mixture between gases with very light molecular weight (H2,
He) and of medium molecular weight (N2, air). Sengupta
and Ahmed [27] deal with MHD flow with thermal diffusion
through embedded porous media, whereas Kataria and Patel
[28] deal with soret and heat generation effect on MHD Cas-
son fluid flow with radiation and reaction through embedded
porous medium.
However, in all the investigations carried out by researchers
considering ramped temperature profiles, it is to be noted that
interval for ramped profile varies from material to material
depending upon the specific heat capacity of the material.ion and parabolic motion on MHD second grade ﬂuid ﬂow with ramped wall
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uation in building air-conditioning systems, fabrication of
thin-film photovoltaic devices, and phase transition in process-
ing of materials, turbine blade heat transfer, heat exchangers.
Khan et al. [29], Khalid [30] and Seth [31,32] consider the
problems of MHD flow with ramped wall temperature. Appli-
cation of unsteady free convective MHD second grade fluid
flow is important in engineering and technology. Many
researchers like, Hayat et al. [33], Samiulhaq et al. [34] and
Das et al. [35] deal with unsteady free convective MHD second
grade fluid flow.
Many researchers discuss unsteady free convective MHD
flow without Soret and Heat generation effects and also
ignored ramped surface concentration. Our work can be con-
sidered as extension of work of Samiulhaq et al. [34]. So, nov-
elty of this paper is analytical discussion of effects of parabolic
motion, thermo-diffusion, Heat generation/absorption, ther-
mal radiation and chemical reaction on free convective
unsteady MHD second grade fluid flow near an infinite vertical
plate through porous medium. It is assumed that the bounding
plate has a ramped temperature with ramped surface concen-
tration and isothermal temperature with ramped surface con-
centration. The expressions for the velocity, temperature and
concentration, Skin friction, Nusselt number and Sherwood
number have been obtained in exact form with the help of
the Laplace transform method. As we have discussed analyti-
cal solution, unlike numerical work of different authors, con-
vergence of solution is not an issue.
2. Mathematical formulation of the problem
As shown in Fig. 1, coordinate system is chosen such that
x0-axis is taken along the wall in the upward direction and
y0-axis is taken normal to it. A uniform magnetic field of
strength B0 is acting in transverse direction to the flow as
shown in Fig. 1. Initially, at time t0 6 0, both the fluid and
the plate are at rest to a constant temperature T01 and the con-
centration at the surface is assumed to be C01 respectively. At
the time t0 > 0, the temperature of the plate is either raised or
lowered to T01 þ ðT0w þ T01Þt0=t0 when t0 6 t0, and thereafter,
for t0 > t0, is maintained at the constant temperature T
0
w and
the level of mass transfer at the surface of the wall is either
raised or lowered to C01 þ ðC0w þ C01Þt0=t0 when t0 6 t0 and
thereafter, for t0 > t0 is maintained constant surface concentra-
tion C0w respectively. It is assumed that the effects of viscousFigure 1 Physical sketch of the problem.
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ligible. One of the body force terms corresponding to MHD
flow is the Lorentz force J B ¼ rB20V, where B is the total
magnetic field; J is the current density, r is electrical conductiv-
ity of the fluid and V is the velocity vector field. Under above
assumptions and taking into account the Boussinesq’s approx-
imation, governing equations are given below:
@u0
@t0
¼ mþ a1
q
@
@t0
 
@2u0
@y02
þ gb0T T0  T01
  rB20
q
u0
£
k01
mþ a1
q
@
@t0
 
u0 þ gb0C C0  C01
  ð1Þ
@T0
@t0
¼ k
qcp
@2T0
@y02
 1
qcp
@q0r
@y0
þ Q0
qcp
ðT0  T01Þ ð2Þ
@C0
@t0
¼ DM @
2C0
@y02
þDT @
2T0
@y02
 k02 C0  C01
  ð3Þ
With following initial and boundary conditions:
u0 ¼ 0;T0 ¼ T01;C0 ¼ C01; asy0 P 0 and t0 6 0
u0 ¼ U0t02 as t0 > 0 and y0 ¼ 0;
T0 ¼ T
0
1 þ T0w  T01
 
t0=t0 if 0 < t0 < t0
T0w if t
0 P t0
(
;
C0 ¼ C
0
1 þ C0w  C01
 
t0=t0 if 0 < t0 < t0
C0w if t
0 P t0
(
; y0 ¼ 0
u0 ! 0;T0 ! T01;C0 ! C01; as y0 ! 1 and t0 P 0 ð4Þ
Using the Rosseland approximation [36], the radiative heat
flux term is given by the following:
q0r ¼ 
4r
3k
@T04
@y0
ð5Þ
where r and k* are Stefan Boltzmann constant and mean
absorption coefficient respectively.
Assuming that the temperature difference between the fluid
within the boundary layer and free stream is small, T04 can be
expressed as a linear function of the temperature. We expand
T04 about T01 using Taylor series expansion and neglecting
higher order terms,
T04 ﬃ 4T031T0  3T041 ð6Þ
Thus we have
@q0r
@y0
¼  16r
T031
3k
@2T0
@y02
ð7Þ
Using Eqs. (6) and (7) in Eq. (3), we get
@T0
@t0
¼ k
qcp
@2T0
@y02
þ 1
qcp
16rT031
3k
@2T0
@y02
þ Q0
qcp
ðT0  T01Þ ð8Þ
Introducing the following dimensionless quantities:
y ¼ U0t
2
0y
0
v
; u ¼ u
0
t20U0
; t ¼ t
0
t0
; h ¼ T
0  T01
 
T0w  T01
  ;
C ¼ C
0  C01
 
C0w  C01
 ion and parabolic motion on MHD second grade ﬂuid ﬂow with ramped wall
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(4) become
@2u
@y2
þ a @
3u
@y2@t
 c @u
@t
 buþ Grhþ GmC ¼ 0 ð9Þ
@h
@t
¼ 1þ R
Pr
@2h
@y2
þ H
Pr
h ð10Þ
@C
@t
¼ 1
sc
@2C
@y2
þ Sr @
2h
@y2
 krC ð11Þ
With initial and boundary conditions
u ¼ h ¼ C ¼ 0; yP 0; t 6 0
u ¼ t2; h ¼ t; 0 < t 6 1
1 t > 1

;
C ¼ t; 0 < t 6 1
1 t > 1

at y ¼ 0; t > 0
u! 0; h! 0; C! 0 at y!1; t > 0 ð12Þ
where
a ¼ a1
qvt0
; Gr ¼ gb
0
T T
0
w  T01
 
U0t0
; M2 ¼ rB
2
0
qU0t0
;
1
k1
¼ U0vt
2
0£
k01
; Gm ¼ gb
0
CðC0w C01Þ
U0t0
; Pr ¼ qvCp
k
;
R ¼ 16r
T031
3kk
; H ¼ Q0vt0
k
; Sc ¼ v
DM
; Sr ¼ DTðT
0
w T01Þ
vðC0w C01Þ
;
Kr ¼ t0k02; c ¼ 1þ
a
k1
; b ¼M2 þ 1
k1
For Simplicity; t0 ¼ v
U20
 1=5
Exact solution for fluid velocity; Temperature and Concen-
tration are obtained for equations (9)–(11) with initial and
boundary condition (12) using the Laplace transform technique.
3. Solution of the problem for ramped wall temperature and
ramped surface concentration
hðy; tÞ ¼ f6ðy; t;L; a1Þ  f6ðy; t 1;L; a1ÞHðt 1Þ ð13Þ
Cðy; tÞ ¼ f6ðy; t;Sc;ScKrÞ þ f8ðy; t;Sc;ScKrÞ  f8ðy; t;L; a1Þ½ 
 f6ðy; t 1;Sc;ScKrÞ þ f8ðy; t 1;Sc;ScKrÞ½
f8ðy; t 1;L; a1ÞHðt 1Þ ð14Þ
uðy; tÞ ¼ g1ðy; tÞ þ g2ðf3ðtÞ; f9ðy; t;Sc;ScKrÞÞ½
þg2ðf4ðtÞ; f9ðy; t;L; a1ÞÞ
 g1ðy; t 1Þ þ g2ðf3ðt 1Þ; f9ðy; t 1;Sc;ScKrÞÞ½
þg2ðf4ðt 1Þ; f9ðy; t 1;L; a1ÞÞHðt 1Þ ð15Þ4. Solution of the problem for isothermal temperature and
ramped surface concentration
In order to understand effects of ramped temperature of the
plate on the fluid flow, we must compare our results withPlease cite this article in press as: H.R. Kataria, H.R. Patel, Eﬀect of thermo-diﬀus
temperature and ramped surface concentration, Alexandria Eng. J. (2016), http://disothermal temperature. In this case, the initial and boundary
conditions are the same excluding Eq. (12) that becomes
h ¼ 1 at y ¼ 0; tP 0.
hðy; tÞ ¼ f5ðy; t;L; a1Þ ð16Þ
Cðy; tÞ ¼ f6ðy; t;Sc;ScKrÞ  f6ðy; t 1;Sc;ScKrÞHðt 1Þ½
þf12ðy; t;Sc;ScKrÞ  f12ðy; t;L; a1Þ ð17Þ
uðy; tÞ ¼ g1ðy; tÞ þ g2ðf10ðtÞ; f9ðy; t;L; a1ÞÞ
þ g3ðf11ðt; a9; a10; a11Þ; f9ðy; t;Sc;ScKrÞÞ
 g3ðf11ðt 1; a9; a10; a11Þ; f9ðy; t
 1;Sc;ScKrÞÞ
þ g3ðf11ðt; a30; a31; a32Þ; f9ðy; t;Sc;ScKrÞÞ ð18Þ
where
f1ðtÞ ¼ 2t ð19Þ
f2ðy; tÞ ¼
c
a
et=a
Z 1
0
erfc
y
2
ﬃﬃ
z
p
 
ecz=aI0
2
a
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðc abÞzt
p 
dz
þ b
a
Z 1
0
Z t
0
erfc
y
2
ﬃﬃ
z
p
 
e
czþs
a I0
2
a
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðc abÞzs
p 
ds dz
ð20Þ
f3ðtÞ ¼ a23 þ a24eb9t þ a25eb10t þ a13ea4t ð21Þ
f4ðtÞ ¼ a26 þ a27eb4t þ a28eb5t  a20ea4t ð22Þ
f5ðy;t;a;bÞ¼
1
2
ey
ﬃﬃ
b
p
erfc
y
2
ﬃﬃ
t
p 
ﬃﬃﬃﬃ
bt
p 
þey
ﬃﬃ
b
p
erfc
y
2
ﬃﬃ
t
p þ
ﬃﬃﬃﬃ
bt
p  	
ð23Þ
f6ðy; t; a; bÞ ¼
1
2
t y
2
ﬃﬃﬃ
b
p
 
ey
ﬃﬃ
b
p
erfc
y
2
ﬃﬃ
t
p 
ﬃﬃﬃﬃ
bt
p 
þ tþ y
2
ﬃﬃﬃ
b
p
 
ey
ﬃﬃ
b
p
erfc
y
2
ﬃﬃ
t
p þ
ﬃﬃﬃﬃ
bt
p 	
ð24Þ
f7ðy; t; a; bÞ ¼
eat
2
ey
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
aðbaÞ
p
erfc
y
2
ﬃﬃ
t
p 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðb aÞt
p 
þey
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
aðbaÞ
p
erfc
y
2
ﬃﬃ
t
p þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðb aÞt
p 	
ð25Þ
f8ðy; t; a; bÞ ¼ a8f5ðy; t; a; bÞ þ a6f6ðy; t; a; bÞ þ a7f7ðy; t; a; bÞ
ð26Þ
f9ðy; t; a; bÞ ¼ f2ðy; tÞ  f5ðy; t; a; bÞ ð27Þ
f10ðtÞ ¼ a33 þ a36eb4t þ a37eb5t ð28Þ
f11ðt; p; q; rÞ ¼ pþ qeb9t þ reb10t ð29Þ
f12ðy; t; a; bÞ ¼ a6f5ðy; t; a; bÞ þ a38f7ðy; t; a; bÞ ð30Þ
g1ðy; tÞ ¼
Z t
0
f2ðy; uÞf1ðt uÞdu ð31Þion and parabolic motion on MHD second grade ﬂuid ﬂow with ramped wall
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Z t
0
fjðy; u; a; bÞfiðt uÞdu ð32Þ
g3ðfiðt; p; q; rÞ; fjðy; t; a; bÞÞ ¼
Z t
0
fjðy; u; a; bÞfiðt u; p; q; rÞdu
ð33Þ5. Skin friction, Nusselt number and Sherwood number
Expressions of Skin friction s, Nusselt number Nu and Sher-
wood number Sh are calculated from Eqs. (13)–(18) using
the relation
swðtÞ ¼ sðy; tÞ at y ¼ 0; sðy; tÞ ¼ 1þ a @
@t
 
@u
@y





y¼0
;
Nu ¼  @h
@y
 
y¼0
and sh ¼  @C
@y
 
y¼0
ð34Þ5.1. For ramped wall temperature and ramped surface
concentration
@u
@y





y¼0
¼ I8ðtÞ þ I9ðt;Sc;ScKrÞ þ I9ðt;L; a1Þ½   I8ðt 1Þ½
þ I9ðt 1;Sc;ScKrÞ þ I9ðt 1;L; a1ÞHðt 1Þ ð35Þ
Nu ¼  I3ðt;L; a1Þ  I3ðt 1;L; a1ÞHðt 1Þ½  ð36Þ
Sh ¼  I3ðt;Sc;ScKrÞ þ I5ðt;Sc;ScKrÞ  I5ðt;L; a1Þ½ 
þ I3ðt 1;Sc;ScKrÞ þ I5ðt 1;Sc;ScKrÞ½
I5ðt 1;L; a1ÞHðt 1Þ ð37ÞFigure 2 Velocity profile u for different values of y and M at k
H ¼ 3; t ¼ 0:4 and R ¼ 5.
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concentration
@u
@y





y¼0
¼ I8ðtÞ þ I9ðt;L; a1Þ þ I10ðt; a9; a10; a11;Sc;ScKrÞ½
I10ðt 1; a9; a10; a11;Sc;SckrÞ
þI10ðt; a30; a31; a32;Sc;ScKrÞ ð38Þ
Nu ¼ ½I2ðt;L; a1Þ ð39Þ
Sh ¼  I3ðt;Sc;ScKrÞ  I6ðt 1;Sc;ScKrÞHðt 1Þ½
þI12ðt;Sc;ScKrÞ  I12ðt;L; a1Þ ð40Þ
where
I1ðtÞ ¼ df2ðy; tÞ
dy





y¼0
¼ c
a
ﬃﬃﬃ
p
p et=a
Z 1
0
ecz=aﬃﬃ
z
p I0 2a
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðc abÞzt
p 
dz
 b
a
ﬃﬃﬃ
p
p
Z 1
0
Z t
0
e
czþs
aﬃﬃ
z
p I0 2a
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðc abÞzs
p 
ds dz ð41Þ
I2ðt; a; bÞ ¼ df5ðy; tÞ
dy





y¼0
¼ 
ﬃﬃﬃ
b
p
erf
ﬃﬃﬃﬃﬃ
b
a
t
r !
þ
ﬃﬃﬃﬃ
a
pt
r
e
b
at ð42Þ
I3ðt; a; bÞ ¼ df6ðy; t; a; bÞ
dy





y¼0
¼ 
ﬃﬃﬃﬃﬃ
a2
4b
r
erf
ﬃﬃﬃﬃﬃ
b
a
t
r !
 t
ﬃﬃﬃ
b
p
erf
ﬃﬃﬃﬃﬃ
b
a
t
r !
þ
ﬃﬃﬃﬃ
ta
p
r
e
b
at
ð43Þ¼ 0:8;Pr ¼ 7; a ¼ 0:5;Sc ¼ 0:66;Gm ¼ 5;Gr ¼ 10;Sr ¼ 3;Kr ¼ 2;
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dy





y¼0
¼ ea4t
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðb aa4Þ
p
erf
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b
a
 a4
 
t
s !
þ
ﬃﬃﬃﬃ
a
pt
r
e
b
at
ð44Þ
I5ðt; a; bÞ ¼ df8ðy; t; a; bÞ
dy





y¼0
¼ a8I2ðt; a; bÞ þ a6I3ðt; a; bÞ þ a7I4ðt; a; bÞ ð45ÞFigure 3 Velocity profile u for different values of y and a
Kr ¼ 2;H ¼ 3; t ¼ 0:4 and R ¼ 5.
Figure 4 Velocity profile u for different values of y and Sr
Kr ¼ 2;H ¼ 3; t ¼ 0:4 and R ¼ 5.
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dy





y¼0
¼ I1ðtÞ  I2ðt; a; bÞ ð46Þ
I7ðt; a; bÞ ¼ df10ðy; t; a; bÞ
dy





y¼0
¼ a6I2ðt; a; bÞ þ a38I4ðt; a; bÞ ð47Þ
I8ðtÞ ¼ dg1ðy; tÞ
dy





y¼0
Z t
0
I1ðuÞf1ðt uÞdu ð48Þat k ¼ 0:8;Pr ¼ 7;M ¼ 0:5;Sc ¼ 0:66;Gm ¼ 5;Gr ¼ 10;Sr ¼ 3;
at k ¼ 0:8;Pr ¼ 7; a ¼ 0:5;Sc ¼ 0:66;Gm ¼ 5;Gr ¼ 10;M ¼ 0:5;
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dg2 ðfiðtÞ; fjðy; t; a; bÞÞ
 
dy
¼
Z t
0
Ijðu; a; bÞfiðt uÞdu ð49Þ
I10ðt; p; q; r; a; bÞ ¼
dg2 fiðt; p; q; rÞ; fjðy; t; a; bÞ
 
dy
¼
Z t
0
Ijðy; u; a; bÞfiðt u; p; q; rÞdu ð50ÞFigure 5 Concentration profile C for different values of y and
Figure 6 Velocity profile u for different values of y and K
M ¼ 0:5;H ¼ 3; t ¼ 0:4 and R ¼ 5.
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We have presented the fluid velocity, temperature and concen-
tration for several values of Second grade parameter a, Mag-
netic field M, thermo-diffusion Sr, thermal radiation
parameter R, chemical reaction parameter Kr and Heat gener-
ation/absorption H described in Figs. 2–11.
From Figs. 2–11, it is depicted that velocity, temperature
and concentration profiles are less in case of ramped tempera-Sr at Pr ¼ 7;Sc ¼ 0:66;Kr ¼ 2;H ¼ 3; t ¼ 0:4 and R ¼ 5.
r at k ¼ 0:8;Pr ¼ 7; a ¼ 0:5;Sc ¼ 0:66;Gm ¼ 5;Gr ¼ 10;Sr ¼ 3;
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8 H.R. Kataria, H.R. Patelture with ramped surface concentration than those of isother-
mal temperature with ramped concentration.
Fig. 2 shows that Magnetic field has retarding effect on
Velocity profile for both thermal conditions. We know that
the presence of magnetic parameter generates electric field in
the flow. This implies that magnetic field has retarding effectFigure 7 Concentration profile C for different values of y and
Figure 8 Velocity profile u for different values of y a
Sr ¼ 3;Kr ¼ 2;M ¼ 0:5; t ¼ 0:4 and R ¼ 5.
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tion and isothermal temperature with Ramped surface concen-
trations. This is due to point that the application of a magnetic
field to fluid gives increase to a resistive-type force (Lorentz
force) on the fluid in the boundary layer, which slows down
the motion of the fluid. Fig. 3 shows effects of second gradeKr at Pr ¼ 7;Sc ¼ 0:66;Sr ¼ 3;H ¼ 3; t ¼ 0:4 and R ¼ 5.
nd H at k ¼ 0:8;Pr ¼ 7; a ¼ 0:5;Sc ¼ 0:66;Gm ¼ 5;Gr ¼ 10;
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Effect of thermo-diffusion and parabolic motion on MHD second grade fluid flow 9parameter a on velocity for both thermal plates. It is seen that
velocity decreases throughout the flow field with increase in
second grade parameter a. It is also noticed that, the thickness
of the boundary layer increases if the second grade parameter
decreases. Figs. 4 and 5 exhibit the effects of thermo-diffusion
Sr on velocity and concentration profile. For both thermal
cases, velocity and concentration profile increases with
increase in Sr. Physically, increase in values of Sr produces aFigure 9 Temperature profile h for different val
Figure 10 Velocity profile u for different values of y and R
Kr ¼ 2;H ¼ 3; t ¼ 0:4 and M ¼ 0:5.
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in the value of velocity profile as well as concentration profile,
and thus thermo-diffusion tends to accelerate fluid flow in
velocity flow directions throughout the boundary layer region.
Chemical reaction has a retarding influence on fluid flow veloc-
ity and concentration profile for both thermal cases as shown
in Figs. 6 and 7. This shows that the destructive reaction
Kr> 0 leads to fall in the concentration field which in turnues of y and H at Pr ¼ 7; t ¼ 0:4 and R ¼ 5.
at k ¼ 0:8;Pr ¼ 7; a ¼ 0:5;Sc ¼ 0:66;Gm ¼ 5;Gr ¼ 10;Sr ¼ 3;
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Figure 11 Temperature profile h for different values of y and R at Pr ¼ 7; t ¼ 0:4 and H ¼ 3.
Table 2 Sherwood Number variation.
Sr Sc Pr Kr H R t Sherwood
number Sh
Sherwood
number Sh for
10 H.R. Kataria, H.R. Patelweakens the buoyancy effects due to concentration gradients.
Consequently, the flow field is retarded. This occurrence has
a superior agreement with the physical realities. These results
are in good agreement with the outcomes of work of Kataria
and Patel [28]. Figs. 8 and 9 show the effects of heat genera-
tion/absorption H on velocity and temperature profiles. The
positive sign indicates the heat generation (heat source)
whereas negative means heat absorption (heat sink). Heat
source physically implies generation of heat, which increases
the temperature in the flow field. Therefore, as heat source
parameter increased, the temperature increases steeply. The
influence of heat source parameter Q0 > 0 on velocity and
temperature profiles is very much significantly related to the
heat sink parameter Q0 < 0. These results are clearly sup-
ported from the physical point of view because heat source
implies generation of heat from the surface of the region,Table 1 Nusselt number variation.
H R Pr t Nusselt number Nu
for ramped
temperature
Nusselt number Nu for
isothermal
temperature
1 5 7 0.4 0.7854 1.0181
2 5 7 0.4 0.7999 1.0716
3 5 7 0.4 0.8141 1.1242
1 6 7 0.4 0.7272 0.9426
1 7 7 0.4 0.6802 0.8817
1 5 10 0.4 0.9336 1.1974
1 5 15 0.4 1.1384 1.4479
1 5 7 0.5 0.8822 0.9226
1 5 7 0.6 0.9708 0.8532
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temperature and ramped surface concentration, Alexandria Eng. J. (2016), http://dand hall of the porous is also increased which rises the temper-
ature in the flow field. Therefore, velocity and temperature
profiles increase with increase in H for both thermal plates.
Thermal radiation parameter has a retarding influence on fluid
flow velocity and temperature profile for both thermal cases as
shown in Fig. 10 and 11. It is noticed that thermal radiation
parameter reduces thermal buoyancy force, minimizing the
thickness of the thermal boundary layer. Therefore velocity
and temperature profiles increase with radiation parameter
R. Physically, when the amount of heat generated through
thermal radiation parameter increases, the bond holding thefor ramped
temperature
isothermal
temperature
2 0.66 7 2 1 5 0.4 0.1852 0.1399
3 0.66 7 2 1 5 0.4 0.0838 0.1518
4 0.66 7 2 1 5 0.4 0.3528 0.4435
2 0.8 7 2 1 5 0.4 0.1744 0.1291
2 1.0 7 2 1 5 0.4 0.1569 0.1131
2 0.66 10 2 1 5 0.4 0.0308 0.0273
2 0.66 15 2 1 5 0.4 0.1935 0.2775
2 0.66 7 3 1 5 0.4 0.2737 0.2755
2 0.66 7 4 1 5 0.4 0.3555 0.3937
2 0.66 7 2 2 5 0.4 0.1702 0.0854
2 0.66 7 2 3 5 0.4 0.1553 0.0317
2 0.66 7 2 1 6 0.4 0.2437 0.2076
2 0.66 7 2 1 7 0.4 0.2897 0.2605
2 0.66 7 2 1 5 0.5 0.2534 0.3450
2 0.66 7 2 1 5 0.6 0.3261 0.5250
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Table 3 Comparison of Nusselt number with Ref. [31] at Pr= 0.71.
R £ ¼ H=Pr t Nusselt number Nu for
ramped temp. Ref [31]
Nusselt number Nu for
ramped temp.
Nusselt number Nu for
isothermal temp. Ref [31]
Nusselt number Nu for
isothermal temp.
2 3 0.3 0.38368 0.3837 0.89492 0.8949
2 3 0.5 0.55828 0.5583 0.85907 0.8591
2 3 0.7 0.72887 0.7289 0.84872 0.8487
2 1 0.5 0.44983 0.4498 0.56755 0.5675
2 3 0.5 0.55828 0.5583 0.85907 0.8591
2 5 0.5 0.65207 0.6521 1.09210 1.0921
2 3 0.5 0.55828 0.5583 0.85907 0.8591
4 3 0.5 0.43244 0.4324 0.66543 0.6654
6 3 0.5 0.36548 0.3655 0.56239 0.5624
Table 4 Comparison of Sherwood number with Ref. [32] at Sr= 0.
t Kr Sc Sherwood number Sh for
ramped temp. Ref [32]
Sherwood number Nu for
ramped temp.
Sherwood number Sh for
isothermal temp. Ref [32]
Sherwood number Nu for
isothermal temp.
0.3 0.2 0.22 0.295649 0.2956 0.525702 0.5257
0.5 0.2 0.22 0.386593 0.3866 0.428415 0.4284
0.7 0.2 0.22 0.463189 0.4632 0.379505 0.3796
0.3 2.0 0.22 0.344659 0.3447 0.839945 0.8399
0.5 2.0 0.22 0.488076 0.4881 0.785973 0.7860
0.7 2.0 0.22 0.625355 0.6254 0.757863 0.7579
0.3 5.0 0.22 0.416933 0.4169 1.1897 1.1897
0.5 5.0 0.22 0.628694 0.6287 1.12945 1.1294
0.7 5.0 0.22 0.838894 0.8389 1.09522 1.0952
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velocity will increase. Thus, it is pointed out that the radiation
should be minimized to have the cooling process at a faster
rate.
The variation of the Nusselt Number and Sherwood Num-
ber is shown in Tables (1–2) for various values of the govern-
ing parameters. It is observed from Tables 1 that, for both
thermal cases, Thermal radiation parameter tends to reduce
the Nusselt number, whereas magnitude of heat absorption
parameter H and Prandtl number Pr has reverse effect on it.
It is also seen that, for ramped wall temperature, time variable
t tends to improve rate of heat transfer, whereas for isothermal
plates, time variable t have reverse effect on it. Table 2 illus-
trates the effects of Pr, Sc, Sr, R, Kr, H and t on rate of mass
transfer Sh. For both thermal conditions, Sherwood number
increases with increase in thermal radiation parameter R,
chemical reaction Kr and time variable t whereas it decreases
with an increase in Soret number Sr, Schmidt number Sc,
Prandtl number Pr and magnitude of heat generation/absorp-
tion H. Table 3 validates our results in terms of Nusselt num-
ber as it shows strong agreement with Seth et al. [31] whereas
Table 4 strengthens values of Sherwood number by comparing
with those of Seth et al. [32].8. Conclusion
The purpose of this study was to obtain exact solutions for
effect of Parabolic motion on unsteady natural convective sec-
ond grade fluid with thermal radiation parameter, chemicalPlease cite this article in press as: H.R. Kataria, H.R. Patel, Eﬀect of thermo-diﬀus
temperature and ramped surface concentration, Alexandria Eng. J. (2016), http://dreaction, soret and heat generation effects past over an infinite
vertical plate through porous medium in the presence of a
transverse uniform magnetic field. The effects of the pertinent
parameters on velocity, concentration and temperature profiles
are presented graphically. The most important concluding
remarks can be summarized as follows:
 It is observed that velocity, temperature and concentration
profiles in case of ramped temperature with ramped surface
concentrations are less than those of isothermal tempera-
ture with ramped surface concentrations.
 Effect of all parameters is similar in ramped temperature
with ramped surface concentration and isothermal temper-
ature with constant surface concentration.
 Magnetic field M, second grade parameter a and chemical
reaction parameter Kr delay velocity of the fluid flow
throughout the boundary layer.
 Thermo-diffusion Sr, thermal radiation parameter R and
heat generation tend to improve velocity.
 Temperature profile increases tendency with heat genera-
tion parameter H and thermal radiation parameter.
 Chemical reaction Kr tends to reduce concentration profile,
whereas thermo-diffusion Sr has reverse effect on it.
 Thermal radiation parameter tends to reduce rate of heat
transfer, whereas heat generation parameter H and Prandtl
number Pr have reverse effect on it.
 Thermo-diffusion Sr tends to decrease rate of mass transfer,
whereas chemical reaction and time variable t have reverse
effects on it.ion and parabolic motion on MHD second grade ﬂuid ﬂow with ramped wall
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12 H.R. Kataria, H.R. PatelAppendix Ac ¼ 1þ ak1 b ¼M2 þ 1k1 a1 ¼ H1þR, L ¼ Pr1þR
a2 ¼ a1  Kr:Sc a3 ¼ L Sc a4 ¼ a2a3
a5 ¼ Sr:Sca3 a6 ¼
a1a5
a4 a7 ¼ a5ða1a4LÞa2
4
a8 ¼ a5ða1þLÞ1þa4  a6 
a7
1þa4
a9 ¼ Gmb9b10 a10 ¼ Gmb9ðb9b10Þ
a11 ¼ Gmb10ðb10b9Þ a12 ¼ Gma1a5a4b9b10 a13 ¼ Gma5ða1a4LÞða4Þðb9þa4Þða4þb10Þ
a14 ¼ Gma5ða1þb9LÞðb9Þðb9þa4Þðb9b10Þ a15 ¼
Gma5ða1þb10LÞ
ðb10Þðb10þa4Þðb10b9Þ
a16 ¼ Grb4b5
a17 ¼ Grðb4Þðb4b5Þ a18 ¼ Grðb5Þðb5b4Þ a19 ¼ Gma1a5a4b4b5
a20 ¼ Gma5ða1a4LÞða4Þðb4þa4Þða4þb5Þ a21 ¼
Gma5ða1þb4LÞ
ðb4Þðb4þa4Þðb4b5Þ a22 ¼
Gma5ða1þb5LÞ
ðb5Þðb5þa4Þðb5b4Þ
a23 ¼ a9 þ a12 a24 ¼ a10 þ a14 a25 ¼ a11 þ a15
a26 ¼ a16  a19 a27 ¼ a17  a21 a28 ¼ a18  a22
a29 ¼ Grðb4b5Þ a30 ¼ Gma5ða1a4LÞðb9þa4Þða4þb10Þ a31 ¼
Gma5ða1þb9LÞ
ðb9þa4Þðb9b10Þ
a32 ¼ Gma5ða1þb10LÞðb10þa4Þðb10b9Þ a33 ¼
Gma5ða1a4LÞ
ðb4þa4Þða4þb5Þ a34 ¼
Gma5ða1b4LÞ
ðb4þa4Þðb4b5Þ
a35 ¼ Gma5ða1b5LÞðb5þa4Þðb5b4Þ a36 ¼ a29  a34 a37 ¼ a29  a35
a38 ¼ a5ða1a4LÞða4Þ b1 ¼ aL b2 ¼ Lþ aa1  c
b3 ¼ a1  b b4 ¼ b2þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b224b1b3
p
2b1
b5 ¼ b2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b224b1b3
p
2b1
b6 ¼ aSc b7 ¼ Scþ akrSc c b8 ¼ KrSc b
b9 ¼ b7þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b274b6b8
p
2b6
b10 ¼ b7
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b274b6b8
p
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